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Abstract  
Wintertime storms that produce precipitation events such as snow, freezing rain, and ice 
pellets cause significant damage to utility services and disrupt travel. These synoptic systems 
involve deep isothermal regions where warm, moist air over-runs surface sub-freezing air. Much 
attention has been focused on Northeast ice storms, where a study by Cortinas et al. (2004) 
identified the Northeast as the region with the highest spatial distribution of freezing rain and ice 
pellets. Castellano (2012) also identified 2 types events where ice storms occur in the Northeast 
as a result of cold-air intrusions from Canada and from an absence of cold air. However, little 
else is known about the synoptic evolution of the storms. Therefore this study analyzes the 
dynamic and thermodynamic conditions of ice events along the east coast.  
 The National Climatic Data Center (NCDC) Storm Events Database is used to pull the 
dates of ice storms from the Northeast and Southeast climate regions for 1996-2013. The spatial 
coverage of each ice storm is computed from county size data. A separation technique is then 
used to isolate larger storms from smaller storms. In addition, a grouping method is applied to 
objectively identify cyclone tracks.  
 Next, we analyze the synoptic control of ice storms from both regions in an effort to 
identify difference between Northeast and Southeast cases. For the ice storms gathered from the 
Storm Events Database, composites are generated for sea level pressure, 2-meter temperatures, 
2-meter temperature anomalies, and 850-500 hPa dθ/dz from reanalysis data. Separately, MODIS 
retrievals of optical thickness, cloud-top pressure and temperature are analyzed to understand the 
cloud characteristics of the ice storms. A comparison of the composites for the Southeast and 
Northeast storms suggests that the size differences relate in part to the synoptic structure, where 
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Northeast storms typically occur as a result of warm frontal features or the occlusion phase of a 
cyclone. For the Southeast, most storms occur as a result of frontal features.  
 Finally, case studies are analyzed for a Northeast and Southeast storm that occurred on 
December 11, 2008 and January 26, 2004 respectively. For these events vertical cross-sections of 
temperature and zonal wind amplitude are analyzed to understand the thermodynamic conditions 
of ice storms. In addition, NCEP Stage IV radar data is utilized along with the concept of a 
partial thickness and elevated warm layer method as a precursor for predicting ice storms. For 
the Northeast case study the partial thickness method verifies. The vertical cross-sections not 
only confirm findings from Martner et al. (1993) that an elevated warm layer exists above a 
shallow subfreezing cold layer, but it verifies the elevated warm layer method for predicting 
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1. INTRODUCTION 
Ice storms are a weather phenomena characterized by the American Meteorological 
Society Glossary of Meteorology as the fall of freezing liquid precipitation. Precipitation types of 
this sort include freezing rain, freezing drizzle, and ice pellets. Typically, this form of 
precipitation is accompanied by a shallow wedge of subfreezing air, positioned near the earth’s 
surface that underlies an elevated layer of above-freezing air (Cyzs et al. 1996; Penn 1957). 
Essentially, if an ice particle completely melts during its decent through a midlevel warm layer, 
raindrops fall out of the cloud base where, assuming a lack of ice nuclei, they supercool and 
reach the surface as freezing rain (Cyze et al. 1996; Fletcher 1962; Biggs 1953,1955; Vali 1994). 
If the ice particle only partially melts, as a result of a shallower midlevel warm layer, the 
presence of ice within a liquid hydrometeor allows freezing to proceed in the cold air beneath the 
cloud base, falling as ice pellets. Precipitation falling as ice often impacts public safety, travel, 
utility distribution, insurance, and other industries (Rauber et al. 2001). These types of disasters 
cause billions of dollars in damage according to the National Climatic Data Center (NCDC) 
Billion-Dollar Weather/Climate Disasters tool (Figure 1). As a result a significant number of 
publications have focused on the temporal distribution of ice storms as well as the local and 
synoptic environment associated with freezing rain and the microphysics associated with such 
events. 
A study conducted by Cortinas et al. (2004) explained the temporal and spatial 
distribution of ice storm frequency. They revealed that the highest count of freezing rain hours 
from 1976-1990 occurred across interior sections of the Northeast including New York. The 
number of hours decreased across portions of the Central Plains and Deep South, however the 
steepest gradient in freezing rain hours occurred towards the coastline. The count of ice pellet 
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frequency showed less spatial variability across regions east of the Rocky Mountains, but the 
highest counts were located across the Northeast. This variability associated with the maxima 
regions of freezing rain and ice pellets were attributed to the amount of warm-air advection over 
and above the cold side of a warm or stationary front. In addition, the research findings promoted 
the idea that freezing rain and drizzle is influenced by a diurnal solar cycle, where these 
precipitation types occur most often before sunrise. The frequency of ice pellets however was 
consistent throughout the day.  
Synoptic weather patterns associated with ice storms east of the Rocky Mountains were 
analyzed by Rauber et al. (2001). Seven archetypical patterns were identified based on a record 
of 411 ice storms from 1970-94 as well as their frequency of occurrence and vertical structure of 
the atmosphere at the location of each pattern (Figure 2). A separate study conduced by Robbins 
and Cortinas (2001) focused on the local and synoptic environments favorable for ice events 
across different stations in the U.S. They concluded that variables used to evaluate the possibility 
of freezing rain over synoptic scales cannot be used region wide, thus the local environment is 
critical.  A similar study was conducted by Bernstein (2000) where he examined the local and 
synoptic influences on ice events based on in-depth climatologies of six US soundings. This 
study attempted to understand the dominance of certain precipitation types and their formation 
mechanisms for the purpose of forecasting surface precipitation type. Finally, Castellano (2012) 
identified 2 common circulation patterns associated with Northeast ice storms, where QG 
forcing, thermal boundaries, and moisture transport established environments favorable for 
freezing rain.  
Attempts to understand the microphysical characteristics of the melting region within an 
ice storm were made by Raga et al. (1990). In this study, the February 22, 1986 storm over the 
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Gulf of Maine was analyzed through in flight and in-situ measurements over a cross-sectional 
area. The purpose of this investigation was to understand the microphysics of the transition 
region within the storm to explain the surface precipitation type. As a result, a conceptual model 
was built to explain the transition region (Figure 3). Stewart and Macpherson (1990) examined 
the same storm to explain the mesoscale structure of the storm. For this study satellite, 
rawinsonde, mesonet, radar, aircraft, and surface observations were used to understand the storm 
structure. The mesoscale circulation present in an ice storm that occurred on March 10-12 1986 
was also studied by Stewart and Macpherson (1989). This case study contributed to further 
understanding the microphysical processes during a mature extra-tropical cyclone as well as the 
importance of latent heating in defining some mesoscale fields. In addition, the synoptic-scale 
circulations associated with ice storms was described in a conceptual model (Figure 4). Finally, 
Stewart and King (1986) focused their research on 3 storms affecting Ontario, Canada and 
examined the banding features using radar.   
Studies examining ice storms from a modeling and remote sensing perspective were not 
as extensively researched. However, a paper by Martner et al. (1993) explained the importance 
of the diabatic effects of melting and freezing by capturing an ice storm using a ground remote 
sensing instrument. This instrument carried sensors such as rawinsonde, dopplar radars, wind 
profilers, and microwave radiometers that verified the synoptic conditions present and observed 
the evolution of the vertical atmospheric structure. The diabatic effects of melting and freezing 
were significant when warm air advection was occurring, since melting of ice tends to retard 
warming but freezing accelerates it. Ramos Da Silva (2005) argued the sensitivity between 
anomalously warm sea surface temperatures along the Southeast coast with the conversion of 
snow to freezing rain. The sea surface temperatures during an ice storm are correlated with a 
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deeper and warmer melting layer above the surface. Additionally, Fuhrmann & Konrad II (2008) 
argued, using a backward trajectory analysis from the NOAA HYSPLIT model, that the sensible 
and latent heat fluxes from the Atlantic Ocean play a role in the moisture budget associated with 
ice storms over North Carolina.  
Much of what has been published focused on answering why ice storms occur. In a broad 
sense much is understood however, a recent assessment conducted by Kunkel et al. (2013) 
supported the idea that ice storms are among the only type of extreme weather events that we 
have the least knowledge about in terms of understanding their causes and detection. In addition, 
the Northeast and Southeast regions contain the highest counts of ice storms from 1949-2000 
(Changnon 2002). From observation, we learned that the Northeast often averages the most ice 
storms but tend to occur more locally. Meanwhile, the southeast receives fewer storms than the 
Northeast but tend to cover more spatial area (Figure 5). This motivates the question on whether 
there were any discernable differences between Northeast and Southeast ice storms.   
Thus, the focus of this paper will be to examine the synoptic control of ice storms in the 
Northeast and Southeast regions from 1996-2012 though a composite analysis of sea level 
pressure, temperatures, and atmospheric stability. This will give us an understanding of the 
synoptic conditions before, during, and after the storms. To supplement this, daily-averaged 
MODIS retrievals of optical thickness, cloud-top pressure, and temperature were analyzed to 
gather a synoptic picture of the ice events for both regions. In addition a case study analysis is 
performed for a storm in the Northeast and Southeast. For this temperature and wind amplitude 
cross-sections will be analyzed through multiple areas of the storm in order to understand the 
vertical profile of the storms. Finally, NCEP Stage IV radar data is utilized to estimate 
accumulated precipitation where additional separation techniques are applied to discern between 
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various precipitation types. Overall, this is an effort to explain the regional similarities and 
differences of ice storms as well as to understand common cyclone paths and their vertical 
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Figure	   1:	   1980-­‐2014	   Billion-­‐Dollar	   Winter	   Storm	   Disasters	   by	   state	   and	   CPI-­‐Adjusted.	  
Extracted	   from	  the	  NCDC.	  The	  map	  reflects	  a	  summation	  of	  billion-­‐dollar	  events	   for	  each	  





	   11	  
 
	  
Figure	  2:	  Seven	  archetypical	  synoptic	  patterns	  identified	  by	  Rauber	  et	  al.	  2001.	  	  
	  
1728 VOLUME 40J O U R N A L O F A P P L I E D M E T E O R O L O G Y
FIG. 2. Archetypical surface synoptic weather patterns associated with freezing precipitation east of the
Rocky Mountains.
fronts advance southeastward across the United States
in winter ahead of strong anticyclones and eventually
stall as they approach the Gulf Coast (Fig. 2a). In some
cases, warm air rising over the cold-air dome associated
with the high pressure creates a shallow cloud layer,
with freezing drizzle falling in a narrow band on the
cold side of the surface position of the 08C isotherm.
In many of these cases, precipitation forms though the
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Figure	  3:	   Schematic	  of	   a	   conception	  model	   through	  an	   ice	   storm	  expressed	   in	  Raga	  et	  al.	  
1990.	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Figure	   4:	   Schematic	   depicted	   in	   Stewart	   and	   MacPherson	   (1989)	   showing	   the	   synoptic	  






Figure	   5:	   Count	   of	   ice	   storms	   in	   each	   climate	   region	   from	   1949-­‐2000.	   The	   numbers	   in	  
parenthesis	  describe	  storms	  that	  only	  occurred	  in	  that	  region	  (Changnon	  2002). 
 
i6 / Ronald E. Stewart and Stephen R. Macpherson
Fig. 9 Schematic depiction of the 10-11 March 1986 storm. The relative airstreams through the storm
are shown inside the box. The surface depiction of the storm, showing fronts, p ecipitation and
cloud is projected onto the top of the box. CCB refers to the cold conveyor belt and WCB refers to
the warm conveyor belt. Standard meteorological symbols are used for weather identification.
ahead of the front, whereas more neutral conditions prevailed behind it. No
significant radar echoes were directly associated with the frontal passage.
3 Conceptual models
Figure 9 illustrates a schematic description of the storm. Substantial organization was
present, but the storm's appearance was evolving owing to the relative motions of the
mesoscale features. The different airstreams and their boundaries can be related to
observed storm features. The WCB carried moisture for the upper frontal cloud and
for much of the higher level cloud to the north of the warm front. The back edge of the
upper frontal cloud corresponded to the boundary between the western edge of the
WCB and the dry airstream. This dry airstream was also responsible for the "dry slot"
in the upper cloud field. The CCB formed the comma head as it wrapped around the
low-pressure centre. The sharp back edge of the comma cloud marked the boundary





























Thus, the values of FR catastrophes and their losses
presented herein are somewhat higher than their actual
ice-caused losses, but these additional losses could not
be estimated from the available insurance data.
The spatial analysis of losses and frequency of major
ice storms was done using 87 such events that occurred
during 1949–2000. The temporal analysis could not be
accomplished satisfactorily by using all 87 events
because of the aforementioned shifts in the minimal
selection criteria used by the insurance industry ($1
million for 1949–1982, $5 million for 1983–1995, and
then $25 million for 1996–1998). These shifts produced a
temporal bias in catastrophe identification. An earlier
study of the catastrophe data to assess its use in long-
term temporal studies concluded that an unbiased time
sample could be achieved by using those catastrophes
that caused losses of $35 million or more, after the
adjustments described above (Changnon and Chang-
non, 1998). Hence, the temporal analysis of the ice
storms was based on those causing losses of $35 million
or more, labeled as ‘‘severe’’ ice storms. The 70 severe
ice storms during 1949–2000 produced $16.0 billion in
losses, which was 98 percent of the total losses of $16.3
billion by the 87 storms.
When a storm occurred in two or more climate
regions, the total loss value was allotted equally to each
region. For example, an ice storm on January 0–22,
1959, caused losses of $137 million with losses reported
as occurring in the south, northeast, and central climate
regions. This total loss was divided three ways, which
gave each region $45.7 million. Given the data available,
this was the only equitable way to adjust losses for
multi-regional storms.
3. Spatial characteristics
Arial extent of the 87 ice storms was determined on a
state-scale basis since this was the basis of loss reporting.
Sizes ranged from a low of one state with a major storm,
up to one storm when losses occurred in 22 states. The
average size was 6.5 states with loss, and the median was
5 states. The average loss for the 87 events, in 2000
dollars, was $187 million, and the median value was $79
million. Values ranged from a low of $6 million in one
storm to a high of $1.2 billion.
Examination of the 87 patterns of loss revealed six
frequent types. These have relevance to planning for
post-storm repairs. The most common storm pattern (16
storms) was when losses were confined to the northeast
climate region. The next most common storm pattern
(10 events) had losses in the central and southern climate
regions. The third most frequent type of pattern had ice
that covered some states in both the northeast and
southeast climate regions (nine storms). The fourth most
frequent pattern was one with losses confined to the
southeast climate region (eight events). The next most
frequent pattern was large, extending northeastward
from the southern region through various parts of the
central, southeastern, and northeastern regions (seven
events). This type of pattern averaged 14 states with
losses. Five catastrophes produced losses in both the
central and northeastern states. These six loss patterns
accounted for 55 of the 87 ice storms.
The number of ice storms that occurred in each
climate region (Fig. 1) reveals the northeast with 39
catastrophes experienced nearly half of all storms. Other
regions with large frequencies included the central,
southeast, and south. Very few major ice storms
occurred in the four westernmost regions. Past studies
of the thickness of ice on telegraph wires found that
most ice storms producing >12.7mm layers of ice
occurred east of the Rocky Mountains (Bennett, 1959).
Also shown in Fig. 1 are the numbers of storms with
losses confined within each climate region. The north-
east led with 16 such events, 41 percent of the 39
catastrophes experienced there. The southeast had 8
catastrophes just within its six states, representing 25
percent of all ice storms that occurred in the region. The
only other region with numerous localized losses was the
northwest where four of the five ice storms were within
the three states. The low frequencies of one region only
ice storms in the four climate regions of the central third
of the nation indicate damaging storms in this area
tended to be sufficiently large to affect two or more
regions. Further, many of the ice storms in the northeast
and southeast regions r sult from air mass interactions
with the Appalachian Mountains, creati g localized, in-
region ice storms (Rauber et al., 2001).
Fig. 2 shows state frequencies of ice storms for the 52-
year period. The state values, although biased by the
varying sizes of states, indicate the maximum frequen-
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5 (4) West NorthCentral
8 (1)
Fig. 1. The number of major ice storms in each climate region during
1949–2000. Values in parenthesis are those storms that only occurred
within the region.
S.A. Changnon, J.M. Changnon / Environmental Hazards 4 (2002) 105–111 107
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2. DATA & METHODOLOGY  
2.1 Data Extraction and Formation 
 Given that the focus of this paper is to explain regional differences in ice storms, a 
climatology of ice events is built for each climate region. The climate regions of the Northeast 
and Southeast are defined through NCDC from Karl and Koss (1984). The Northeast region 
includes states to the north of and including Delaware and Maryland. The Southeast region 
encompasses states such as Virginia, North Carolina, South Carolina, Georgia, Alabama, 
Mississippi, and Florida. Ice storm events are then pulled from the NCDC Storm Events 
Database by state for each region from January 1996 to December 2012. Extracted from this 
dataset is information regarding storm dates and the counties affected. A caveat worth 
mentioning is that NCDC compiles their dataset from ice storm warnings issued by the National 
Weather Service. The National Weather Service issues an ice storm warning when ice accretion 
of more than 1/4’’ is expected to accumulate in a 12-24 hour period. Thus, the database catalogs 
ice storm predictions rather than confirmed events.  Nevertheless, the big events used in this 
study are verified using surface station reports.  
A separate database is built for ice storms in each state, consisting of the above extracted 
information as well as population density and county size from 2010 census data. Essentially, the 
NCDC data was separated to isolate the climate regions and transformed to incorporate 
additional information for the purpose of studying the size distribution and frequency of ice 
storms. However, given that our interest is in analyzing ice storm events, the dataset was 
arranged into a sheet that incorporates ice storm events with the corresponding counties affected, 
population density, and county size. These transformations are intended to represent a cleaner 
and filtered view of the NCDC dataset with the idea of easily extracting storm dates, as well as 
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calculating storm sizes for each climate region. Additionally, a computation involving the 
Northeast and Southeast average county size checks for any size bias. This is done in order 
determine if there is a regional bias in county size which may affect our results. In all 88 ice 
storms were identified for the Northeast and 59 for the Southeast region.  
2.2 Analysis of Storms 
 To examine the synoptic patterns of the ice events, pressure and temperature parameters 
oare extracted from the ERA-Interim Reanalysis dataset (Dee D. P., and co-authors, 2011), 
which produces 6-hourly data on a 1.5° x 1.5° gridded resolution. A time step convention was 
created to describe the evolution of the ice events from the day prior to the event (MINUS 1), 
day of the event (NO LAG), and the day after the event (PLUS 1). With that, Sea Level Pressure 
(SLP) and 2m temperature composites are generated for each group and region in order to show 
the storm track and surface temperature. 500-850 hPa dθ/dz composites are generated using 
Poisson’s equation 𝜃 = 𝑇 (1000ℎ𝑃𝑎)/𝑝 !.!"# , where T is temperature (K) and p is pressure 
(hPa) at a particular level, to convert the gridded temperature fields to potential temperature (𝜃) . 
500-850 hPa pressures are also converted to geopotential height (ϕ). This allows us to understand 
the atmospheric stability at the time of the ice event. Finally, a 30-year temperature climatology 
from the 1979-2012 (check date) ERA-Interim dataset was computed in order to generate 
composites of 2m-temperature anomaly. The same fields were examined for the individual 
storms.  
2.3 Storm Grouping   
 Given the relatively large number of small ice storms, a filter is applied that counts only 
ice storms that cover an area greater than 10,000 km2. This reduces the number of ice storms in 
each region to 24 in the Northeast and 18 in the Southeast. Storms that affected both regions are 
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isolated from the individual region count, further reducing our storm count to 22 for the 
Northeast and 16 for the Southeast. Higher size thresholds are applied to show that the Southeast 
has a higher count in large storms than the Northeast. It is important to note that the threshold 
values, while consistent for both regions, were chosen arbitrarily in order to eliminate storms that 
were local in scale. To verify these ice events, CONUS surface station maps are downloaded 
from NCDC running from the day prior and after the storm. These maps contain information 
regarding the observed surface precipitation types.  
The storm tracks are analyzed and grouped into 3 distinct categories for both the 
Northeast and Southeast. This grouping technique was created in an effort to identify unique 
cyclone tracks. For the Northeast, group 1 storms are classified as those where the central low-
pressure center tracks along the East Coast. Group 2 storms are those in which the cyclogeneiss 
region occurs along the Texas Gulf Coast and tracks towards the Great Lakes and Northeast. A 
secondary area of low pressure also forms and tracks along the East Coast. Finally, group 3 
storms occur when a low-pressure system tracks from the Midwest towards interior sections of 
the Northeast. For the Southeast, group 1 storms are categorized based on a cyclone track from 
the Gulf Coast towards the East Coast. Group 2 events are those where a wave of low pressure 
forms along the Gulf of Mexico and tracks eastward towards the Atlantic. Finally, group 3 
storms depict cyclones that track towards the Great Lakes region, where a secondary low-
pressure center forms in the Southeast. Storm tracks are plotted based on the grouping 
convention and precipitation type is sketched based on surface station reports (figure). 
Furthermore, the size and counts of storms in each group are computed.  
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2.4 Identification of Cloud Properties Using MODIS  
 In order to examine the local and synoptic structure of the regional ice storms, cloud 
properties from daily averaged Terra Moderate Resolution Imaging Spectroradiometer (MODIS) 
retrievals are examined (Salomonson et al., 1989). These cloud properties include optical 
thickness (tau), cloud-top temperature (K), and cloud-top pressure (hPa), which have a horizontal 
pixel resolution of 1-km. The dataset incorporates storms that occurred between 2000-2011, thus 
14 Northeast events and 6 Southeast events are included in this analysis. Since these MODIS 
retrievals are daily-averaged products, the exact time of images are not clear. However, the 
TERRA satellite, which MODIS is on-board, passes through the Northeast region at 16:15 UTC 
and at 16:20 UTC through the Southeast region. This gives us a rough estimate of when the 
images may have been captured.  
 In order to highlight the cyclones for each of the ice storms, a masking technique was 
used to remove locations with thin clouds that are less likely to be important in the analysis. Thus 
the pixels containing optical thickness values less than 5 were masked, since low values would 
indicate near cloud-free conditions. For consistency, the same pixels were masked for the cloud-
top temperature and pressure fields. A more quantitative analysis was performed to objectively 
compare the cloud-top temperatures and pressure between the Northeast and Southeast storms.  
 To perform this analysis, the location of ice precipitation from surface station reports was 
co-located with a single MODIS pixel. In essence, this pixel contains information on the cloud-
top temperature or pressure at a given latitude and longitude. Once this pixel was identified, 8 
other near-by pixels were identified, for a total of 9 pixels per storm. The output, containing 
either cloud-top temperature or pressure values, was plotted per storm in order to directly 
compare the values between the Northeast and Southeast. However, being that the MODIS 
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images are snapshots from the 16:15 UTC and 16:20 UTC pass, there are differences between 
the timing of the reanalysis data taken at 1200 UTC, the radar analysis taken at 1700 UTC, 
surface observations taken every 6 hours, and the MODIS images.  
2.5 Case Studies  
 The storms chosen for our case studies were those that impacted a relatively large area 
(>40,000 mi2) and occurring during the MODIS era. Two storms, one from the Northeast and 
Southeast, were selected. The first was a group 2-type storm that occurred on December 11, 2008 
and affected 52,000 mi2. The other was a group 3-type storm that occurred on January 26,2004 
and affected 49,000 mi2. Details on the storm evolution can be found in the results section.  
2.5.1 Cross-Sections 
 In this case study analysis, cross-sections of temperature and zonal wind amplitude 
versus geopotential height are plotted in order to examine storm circulations. For this, a database 
of storm dates, latitude, and longitude parameters are created for each storm group to determine 
the cross-section area. Each ice storm is associated with a bounded latitude minimum and 
maximum, which emphasized the ice region based on surface station reports. Fixed sets of 
longitudes are chosen that essentially cut through different regions of the ice storms. The 
temperature and wind fields are displayed on a 2-dimentional plot, which is dependent on 
latitude and geopotential height (m). An advantage of using geopotential height instead of 
pressure is that the heights and thickness of warm and cold air aloft can be determined. For 
convenience a 0°C line is plotted in order to distinguish between regions of warm air (greater 
than 0°C) and cold air (less than °C). Finally the zonal wind amplitude (m/s) is contoured with 
the purpose of highlighting the location of the warm frontal boundary aloft (Martner et al. 1993). 
The 0 m/s zonal wind contour also denotes the reversal from easterly to westerly wind flow.  
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2.5.2 Implementation of Radar Reanalysis   
 NCEP Stage IV radar data was downloaded from NCAR/EOL (http://data.eol.ucar.edu/) 
for the Northeast December 11, 2008 ice storm and the Southeast January 26, 2004 ice storm. 
This data is gridded with a resolution of 4km and based on multi-sensor hourly/6- hourly ‘Stage 
III’ analysis. Radar data is available in hourly, 6-hourly, and 24-hourly accumulated precipitation 
(mm) and projected on a polar-stereographic grid. For convenience this data was converted from 
a polar-stereographic grid to a latitude/longitude grid using a method developed by NCEP 
programmers (http://www.emc.ncep.noaa.gov/mmb/ylin/pcpanl/QandA/sorc/w3fb07.f). This 
allowed for better mapping of the data however precipitation types, such as snow, ice, or rain, 
could not be discerned.  
 A precipitation- type separation technique known as the partial thickness method (Cantin 
& Bachand, 1993) was used for the Northeast ice storm. This method utilizes 2 critical thickness 
layers in the lower atmosphere to estimate precipitation type. The first is the 1000 hPa-850 hPa 
thickness, where values less than 131 dm indicates below freezing temperatures. The second is 
the 850 hPa -700 hPa thickness, where values greater than 154 dm indicate above freezing 
temperatures. The combination of the 850 -700 hPa thickness greater than 154 dm and 1000-850 
hPa thickness between 129 and 131 dm allows for freezing rain to occur at the surface. 
Meanwhile for ice pellets, the combination of the 850-700 hPa thickness greater than 154 dm and 
1000-850 hPa thickness less than 131 dm is often a predictor of this precipitation type. The 
critical thickness contours were plotted and overlaid on the radar plot.  A drawback to this 
method is that it was developed in Eastern Canada and as such works best in that region.  
Thus, a separate technique is used for the Southeast ice storm case study. The elevated 
warm layer method (Stewart 1985 & Stewart and King 1987) based precipitation type on the 
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maximum temperature of the warm layer. If ice were introduced into the warm layer it would 
melt, either partially or completely, depending on the maximum temperature. For freezing rain to 
occur at the surface, the maximum temperature of the warm layer much be greater than 3°C. For 
ice pellets, the temperature of the layer would need to be between 0.5°-3°C. Thus, the 
temperature cross sections generated can indicate the strength of the maximum temperature 
within the elevated warm layer.   
3. Results  
3.1 Temporal distribution and Size of Ice Storms  
 As mentioned, a total of 80 storms were identified as Northeast ice storms while 57 were 
identified as Southeast storms (Table 2). A distribution of the frequency of storm occurrence is 
plotted as a function of the month of the year of occurrence on (Figure 6a). For the Northeast, the 
earliest occurrence of an ice storm is in October with most of the events occurring during 
December-March period and the latest during April. For Southeast ice storms (Figure 6b), the 
frequency is contained primarily during the winter months (December-February) with few events 
in March and April. The same analysis is performed on the storms that were filtered and 
categorized by groups (Figure 7). Group 1 has a count of 6 storms that tend to occur during the 
months of November through March with a somewhat even distribution (Figure 7a). Group 2 
storms have a count of 13 storms and a peak in frequency during the January and February 
period with sharp drop between March and April (Figure 7b). Group 3 storms, having a count of 
3 storms, occur during February and March (Figure 7c). In the Southeast (Figure 8), group 1 
storms have a count of 7 storms and occur with a near even frequency during the months of 
December though February (Figure 8a). On the other hand group 2 contains 6 storms, with a 
peak frequency in January with just one storm during December (Figure 8b). Finally, group 3 
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storms occur with even frequency from December through February although 3 storms contained 
in this group (Figure 8c).  
 While, the northeast seems to account for a relatively larger count of ice storms than the 
Southeast, those counts are reversed when filtering by a size threshold. When the size filter is 
increased from 10,000 mi2 to 20,000 mi2 the counts of storms in the Northeast drop by 68% to 
just 7 storms while the Southeast count is reduced by 50% (8 storms). When the threshold is 
increased to 30,000 mi2 and 40,000 mi2 the Southeast count of storms remains the largest 
compared to the Northeast by a near 2:1 ratio. This is reflected in the average size per storm 
groups. The spatial coverage of the Northeast groups is smaller compared to the same respective 
groups of the Southeast. These results are depicted in Table 1 (a-b), which shows the spatial 
coverage of Northeast and Southeast storms when a higher threshold is applied. Also, 
information regarding the storms counts per group is displayed in this table.  
3.2 Northeast Group Composites  
 Northeast group 1 storms are categorized as cyclones that originate along the Gulf Coast 
and track along the east coast (Figure 11 a-d). During the MINUS1 time step, the cyclone center 
is located along the Florida panhandle with pressure minima near 1010 hPa (Figure 11a-
MINUS1). A high-pressure anti-cyclone is found north of the main low center, located just north 
of the Great Lakes. The 540 dm thickness contour is located between the two respective pressure 
systems. The freezing line is also located near the thickness line, where the cold air is locked just 
north and west of the Appalachian Mountains along the interior Northeast (Figure 11b-
MINUS1). The 500-850 hPa stability panel shows a broad region of relatively low stability near 
the low-pressure center and high stability near the high-pressure center (Figure 11c-MINUS1). 
Finally, 2m temperature anomaly composites outline the relatively anomalous warm air east of 
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the low-pressure center (Figure 11d- MINUS1). The cold air, while not as anomalously cool 
compared to locations closer to the high-pressure, is found along portions of the Northeast. 
During the NOLAG period, the low-pressure center moves near the Delmarva Peninsula, with 
high-pressure retreating eastward but remaining north of the cyclone center (Figure 11a-
NOLAG). The freezing line remains located near the Appalachian Mountains (Figure 11b-
NOLAG), with anomalous 2m temperatures expanding across the interior Northeast (Figure 11d-
NOLAG). During the PLUS1 time the low pressure departs the coastline (Figure 11a-PLUS1) 
and as a result the air mass across the Northeast is postfrontal, with cold air advection from the 
Northwest and relatively more stable air in place (Figure 11c-PLUS1). Overall, the icing region 
is confined along central Pennsylvania, through central New York, and into the New England 
region (Figure 10a).  
 Northeast group 2 storms are those characterized with a surface low-pressure tracking 
from Texas towards the Great Lakes region with a secondary low forming along the east coast 
(Figure 12 a-d). During the MINUS1 period, the surface pressure is found along the western Gulf 
Coast near Texas with a tongue like feature of low pressure expanding towards the Midwest and 
Ohio Valley (Figure 12a-MINUS1). A high-pressure anti-cyclone is located to the north and east 
of the cyclone center, with the 540 dm line between the two pressure systems, similar to the 0 
degree freezing line (Figure 14b-MINUS1). The location of the high static stability is co-located 
where the high-pressure system is, with a sharp gradient in stability further south (Figure 12c-
MINUS1). Finally, the 2m temperature anomaly composites show the relatively large extent of 
warm air east of the cyclone and cold air west of it (Figure 12d-MINUS1). During the NOLAG 
time step, the center of the low moves towards the Great Lakes with the high-pressure retreating 
eastward and centered to the northeast of the cyclone (Figure 12a-NOLAG). The below freezing 
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air remains in place along the interior Northeast and New England region, away from the coast 
(Figure 12b-NOLAG). The region of stability shifts with the moving storm, with the highest 
stability located with the high pressure and lowest stability shifted towards the east coast (Figure 
12c-NOLAG). In addition, the region of anomalous warm air is displaced east of the center of 
the low, with a trough in the anomaly field along the northeast Pennsylvania and southern New 
York (Figure 12d-NOLAG).  Finally, when the storm departs the region in the PLUS1 
timeframe, post-frontal conditions begin to take place, where stability begins to increase from 
west to east, and temperatures moderate to a climatological normal Figures 12a-d-PLUS1). The 
overall icing region occurs along interior sections of the Northeast, across central Pennsylvania 
and New York (Figure 10b).  
 Northeast group 3 storms are characterized by a storm track towards interior sections of 
the Northeast and southeastern Canada (Figure 13 a-d). During the NOLAG time period the low 
bears a near 1005 hPa central pressure near the Great Lakes 9 (Figure 13a-NOLAG). The 
strongest area of high pressure is found to the west of the storm, with weaker highs found east. 
While the stability panel outlines the areas of low stability associated with the storm (Figure 13c-
NOLAG), the temperature anomaly fields show less anomalous warm air as in the pervious 
groups (Figure 13d-NOLAG). When the storms progresses eastward and away from the region in 
the NOLAG time frame, a low pressure off the Maine coast appears to be merging with the 
primary low across Canada. The sub-freezing air retreats northward between the MINUS1 and 
NOLAG timeframe, but still includes interior sections of the Northeast near the Canadian border. 
The region of highest stability begins to advect towards the Northeast as the low-pressure 
departs. Interesting though is the anomalous warm air placed along and east of the low-pressure 
centers. Finally, the PLUS1 time step resembles another post-frontal scenario with a cool arctic 
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high in place (Figure 13a- PLUS1). The region of ice remains confined to interior Northeast New 
York and Pennsylvania, along the Canadian border (Figure 10c).  
3.3 Southeast Group Composites 
 Southeast ice storm tracks and conditions vary from their Northeast counterpart. The 
storms in the group 1 category take a track along the eastern seaboard (Figure 16 a-d). A weak 
1015 hPa low is located off the Florida coast during the MINUS1 timeframe (Figure 16a-
MINUS1).  To the north of the cyclone there is a strong high-pressure system, measuring near 
1030 hPa. The freezing line for this set of storms is displaced to the south, compared to 
Northeast storms (Figure 16b-MINUS1). An area of high stability exists near the high-pressure 
center with low stability near the cyclone  (Figure 16c-MINUS1). In addition, the entire area is 
below the normal temperature climatology (Figure 16d-MINUS1). As the storm continues to 
move and form along the east coast during the NOLAG time, the cold remains in place along the 
Southeast and there is an increase in a stability gradient (Figure 16a,b,c-NOLAG). Finally, as the 
low-pressure system moves off the coast, stability increases as high-pressure builds from the 
west (Figure 16a,b,c-PLUS1). The overall area of ice is confined to South Carolina, North 
Carolina, and Georgia away from the immediate coast (Figure 15a).  
 Southeast group 2 storms are characterized by a weak wave of low-pressure that tracks 
along the Gulf coast towards the Atlantic Ocean (Figure 17 a-d). During the MINUS1 time frame 
there is not much of a low-pressure signature, besides a broad area of relatively low pressure 
measuring near 1015 hPa (Figure 17a-MINUS1). Surface temperatures are cool towards the 
mainland, with surface temperature anomalies running below the climatological average and 
surface temperatures near freezing along portions of the Southeast (Figure 17b,d-MINUS1). A 
region of decreased stability forms over the western Gulf coast, which is coincident to where the 
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wave of low-pressure appears to be forming (Figure 17c-MINUS1). Progressing ahead to the 
next time step, there seems to be no evidence of a low pressure (Figure 17a-NOLAG).1 What is 
observed instead is the propagation of decreased stability, eastward (Figure 17c-NOLAG). In 
addition, the warm temperature anomaly over the Gulf of Mexico advances eastward, appearing 
to be places east of the wave of low pressure (Figure 17d- NOLAG). During the PLUS1 time, the 
eastward propagation of the low-pressure appears evident from the 500-850 hPa stability panel 
(Figure 17c-PLUS1). Overall, this group shows the lack of major synoptic features, where 
stability becomes the best proxy for the low-pressure region. The icing region is a narrow band 
that extends from the Texas and runs through portions of North and South Carolina (Figure 15b).  
 The final group for the Southeast region identifies a low that forms over the Gulf of 
Mexico and tracks northward, with a secondary low forming along the Southeast states (Figure 
18 a-d). Starting from the day previous to the event date, there is no central low-pressure center, 
instead just a broad area of lower pressure (Figure 18a-MINUS1). Again, the best proxy for 
identifying where the storms form is from the stability panel, where the lowest stability is 
occurring over the Gulf of Mexico (Figure 18c-MINUS1). Surface temperatures are relatively 
cool from the climatology along most of the Southeast, with a warm anomaly forming along the 
Gulf and points east of the region of lowest stability (Figure 18d-MINUS1). During the NOLAG 
period there appear to be two low-pressure centers, one advancing northward towards the Great 
Lakes and the other forming along the Southeast (Figure 18a-NOLAG). The 2m temperature 
fields appear to be forming a depression along the Southern Appalachian Mountains (Figure 18b-
NOLAG). This is where the coolest air departure from climatology exists (Figure 18d-NOLAG). 
Finally, the storm exits the region during the PLUS1 time frame with again two apparent low 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  The	  method	  of	  compositing	  removes	  the	  low-­‐pressure	  signal	  in	  the	  SLP	  panel.	  Instead	  
atmospheric	  stability	  is	  used	  as	  a	  marker	  for	  tracking	  the	  wave	  of	  low-­‐pressure.	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centers, one above the Great Lakes and the other off the New England Coast (Figure 18a-
PLUS1). As a result, high-pressure builds in from the west with cooler temperature in place over 
the entire Southeast region (Figure 18b-PLUS1). Overall, the region of icing occurs near the 
Appalachian Mountains along North Carolina, South Carolina, and Virginia (Figure 15c).  
3.4 MODIS  
3.4.1 Northeast Storms  
 For the time period of the MODIS data (2001-present), 14 Northeast ice storms were 
identified. Figures 19-22 (a-n) depict the retrieved properties such as optical thickness, cloud-top 
pressure and temperature, and 1-hour accumulated precipitation. This analysis was done for all 
storms however emphasis will be shown for case studies.  
In the optical thickness panel, most of the storms exhibit strong synoptic features that are 
typical of mid-latitude cyclones. For example, the March 5, 2008 (Figure 19f) storm exhibits the 
typical “comma cloud” look associated with matured cyclones. In fact, the regions of high 
optical thickness correspond well with where the most accumulated precipitation was reported 
(Figure 22f). Frontal boundaries can also be identified in this storm, with a clear cold front 
trailing out in the Atlantic Ocean associated with values of tau ranging from 20 to as high as 70. 
The later 2 panels, which depict cloud-top pressure (Figure 20f) and temperature (Figure 21f), 
highlight the regions with the coldest and/or tallest clouds. The lowest pressures of near 200 hPa 
are found along interior sections of the Northeast and most of Southeast Canada with low 
pressures also located off the Atlantic coast with what appears to be a cold front. The lowest 
cloud-top temperatures are found along the same regions, with most of the coldest cloud-tops 
nearing 220K. In some instances, these parameters mock the synoptic look and structure of the 
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cyclones. Overall, this structure was common among most of the Northeast storms but not so in 
the case of Southeast storms.  
 
3.4.2 Southeast Storms  
 For the Southeast subset of storms, only 6 ice events were identified between 2001-2012. 
Figures 23-26 (a-f) depict the same parameters as discussed in the Northeast case. However, for 
these events the synoptic look of the storms contrast those of their Northeast counterpart. In a 
few instances like the January 26, 2004 storm, some synoptic characteristics can be highlighted. 
Beginning with optical thickness (Figure 23d) the highest values of tau can be observed over 
portions of South Carolina, Georgia, and into the panhandle of Florida. The look of the optical 
thickness plot resembles a cold front. Some higher values of tau are also observed in northern 
states, most likely associated with another area of low pressure. However, most of the other 
storms show almost no signature of a cyclone in the optical thickness field. The other parameters 
such as cloud-top pressure and temperature almost exactly mirror the look from the optical 
thickness parameter, with the lowest pressures and temperatures slanted along the Southern 
states. The only exception is for another area of low cloud-top temperature and pressures just off 
the coast of North Carolina. This in fact is associated with the secondary low pressure that is 
positioned off the coast. Finally, the accumulated precipitation panel (Figure 26d) shows that the 
locations, which received the most precipitation, correspond to the regions of high optical 
thickness.  
3.4.3 Objective Analysis of Cloud-top Pressure and Temperature   
 Figures 27-28 (a-b) depict the distribution of cloud-top pressures and temperatures for the 
Northeast and Southeast climate regions. When analyzing the distribution of Northeast ice 
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storms, cloud-top temperatures tend to range from 250 K to just under 280 K. There are a few 
outliers where some very cold cloud-tops are observed, as low as near 220 K. For the Southeast 
ice storms, the cloud-top temperatures range is cooler than the Northeast, ranging between 240 K 
and 260 K. For the cloud-top pressure plots, it was observed that regions where freezing 
precipitation cloud-top pressures ranged primarily between 500 hPa and 700 hPa with a few 
outliers with pressures as low as 300 hPa. For the Southeast, cloud-top pressures varied more, 
with a range between 350 hPa and 650 hPa.  
3.5 Case-Studies   
3.5.1 Northeast December 11, 2008 Ice Storm  
 A widespread ice storm affected portions of New England on December 11-12, 2008, 
where ice accumulations ranged from 0.50’’ to as high as 1.50’’. The hardest hit areas were 
across the higher terrain of north and central Massachusetts and southern New Hampshire. For 
this event to occur several synoptic and mesoscale conditions came together. Before the event 
temperatures were unseasonably warm, with temperatures between 50-60°F across portions of 
southern New England. However, there was a strong cold front approaching from Eastern 
Canada, with temperatures dropping below freezing during the overnight of December 10. 
Added to that, an approaching cyclone from the south was predicted to produce precipitation in 
excess of 1.5’’ liquid equivalent. Finally, the timing of the system was just right for it to affect 
the region during the nighttime where the loss of solar radiation leads to a greater ice potential.  
3.5.2 Northeast Thickness Criteria  
 The December 11-12, 2008 ice storm affected the Northeast region between 1800 UTC 
on the 11th and 1200 UTC the next day. Figure 29(a-d) depicts the 6-hour accumulated 
precipitation for each 6-hour time step interval through the event. Contoured on these plots are 
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the 129-131dm thicknesses from the 1000-850 hPa pressure levels and the 154 dm thickness 
from the 850-700 hPa pressure levels.  For reference a vertical line is plotted denoting the cross-
sectional area used in an analysis discussed in the next section. For the 1800 UTC time step 
(Figure 29a), precipitation is starting to enter the Northeast Region. Using a thickness threshold 
by Cantin and Bachand (1993) the most likely region to experience freezing rain would be 
locations that have a 1000-850 hPa thickness between 129 dm and 131 dm as well as a 850-700 
hPa thickness larger than 154 dm. In fact, freezing rain was reported from station observations 
across southeast main near Portland, denoted with an “X”, agreeing with the threshold limits. 
Progressing further in time when the precipitation is more widespread at 0000 UTC (Figure 29b), 
the thickness contours begin to shift northward, implying that warmer air is working into region. 
However, icing is still being reported across Southeastern Maine, which correlates well within 
the 129 dm-131 dm thickness range. The same pattern emerges in the 0600 UTC period (Figure 
29c) where there is a more notable northward shift in the thickness contours. The same station 
reporting freezing rain continues to lie between the 129 dm and 131 dm thickness range. 
Stepping foreword at the 1200 UTC hour (Figure 29d), warmer air continues to move northward 
through the New England area, however the slant in thicknesses further west denotes colder air 
working eastward as a result of a frontal passage. It is at this hour where it looks like the bulk of 
the precipitation has moved away from the mid-Atlantic and beginning to clear New England. 
However, freezing rain continues to be reported across Southeast Maine and now even across 
interior New York State near Lake Ontario.  
3.5.3 Northeast Cross-Sections  
 The vertical temperature and zonal wind cross-sections are plotted in figure 30 (a-d), 
through a region where ice precipitation occurred. This region is highlighted within the two thin 
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solid vertical lines that correspond to the cross-section line from the previous section, running 
from Massachusetts through Maine. Beyond these vertical lines is an extension of the cross-
section running north and south of the line. The cross-sections go through the same time 
evolution of the ice storm as mentioned in the previous section. For convenience, a 0° C contour 
is also plotted, denoted in the hashed line, and the zonal wind speed (m/s) is contoured. During 
the 1800 UTC hour (Figure 30a) what becomes quickly apparent is the atypical vertical 
temperature profile. This profile exhibits a structure where the atmosphere, below 1km is sub-
freezing. However, between 1km – 3km there is a notable surge of above freezing air from the 
south. From the zonal wind contours we gather from Martner et al. (1993) that the 0 m/s contour 
marks the approximate location of the upper level warm front, as well as the switch between 
easterly and westerly winds. This is almost identically replicated in the cross-section, where 
above the 0 m/s contour there is relatively warmer air. Moving ahead in time from 0000 UTC 
through 1200 UTC (Figure 30 b-d), the warm, above freezing air becomes deeper and as a result 
the cold, surface air also becomes shallower. Most impressive is the 0600 UTC (Figure 30c) hour 
cross-section, where the above freezing air is approximately 3 km thick, meanwhile the 
subfreezing air is around 1km -1.5 km thick. Again, the 0 m/s zonal wind contour continues to 
separate the cold subfreezing air from the warmer, above freezing air. Eventually, as the storm is 
departing near the 1200 UTC hour (Figure 30d), the vertical temperature profile beings to lose its 
structure, where now the subfreezing air within the ice region shrinks to around 500m in 
thickness and becomes displaced above the surface. A similar structure is observed for the 
Southeast storm.  
3.5.4 Southeast January 26, 2004 Ice Storm 
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 A winter storm affected most of South Carolina and portions of North Carolina on 
January 26, 2004. Prior to the event, temperatures were well into the 60’s until a backdoor cold 
front progressed southward towards the region on January 24 (South Carolina Department of 
Natural Resources). This created a cold air-damming scenario for the Southeast states. The 
precipitation was associated with a low-pressure moving along a frontal boundary south of the 
region. The combination of freezing to subfreezing conditions at the surface with the 
approaching precipitation caused ice accumulations of ¼ to ½ inch through much of South 
Carolina. Some places across South and North Carolina reported upwards of an inch of ice 
accretion from the event. Figure 33 (a-b) show the statewide ice totals from the event. In total, 
over 200,000 people were reported to have lost power, with restoration taking upwards of a 
week.   
3.5.5 Southeast Thickness criteria  
 The January 26-27, 2004 ice storm affected the Southeast region between the hours of 12 
UTC on the 26th and 0600 UTC on the 28th. Figure 31(a-d) depicts the same parameters as 
discussed in the Northeast ice storm case, with accumulated precipitation (mm), thickness 
contours (dm), and vertical cross section all shown. Beginning at 1200 UTC (Figure 31a), what 
becomes noticeably apparent is the suppression of the thickness contours to the north of the 
region of interest and the lack of any widespread precipitation, besides the narrow band further 
west. Progressing from 1200 UTC to 1800 UTC (Figure 31a-b) the precipitation advances 
eastward, however the thickness contours still remain north of where there is reported freezing 
rain, which is near Columbia, South Carolina. Not much changes from 1800 UTC through 0600 
UTC (Figure 31 b-d) except for the amount of precipitation accumulated, which suggests that the 
general motion of precipitation was from west to east. In contrast to the Northeast, the location 
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reporting freezing rain, had thickness values higher than the threshold values established by 
Cantin and Bachand (1993). This adds to the complexity of Southeast storms in defining a 
predictive method to estimate areas of freezing rain. However, the cross-sections depicted in the 
next section offer similar results from the Northeast ice storm and possibly a different way to 
predict Southeast ice storms.  
3.5.6 Southeast Cross-Sections  
 As in the Northeast cross-sections the same vertical temperature and zonal wind cross-
sections are shown in figure 32 (a-d), with temperature (°C) shaded in the fills, zonal wind (m/s) 
plotted as contours, a 0°C hashed contour, and two vertical solid lines depicting the cross-section 
region which runs from portions of western Virginia through South Carolina. Beginning at the 
1200 UTC time (Figure 32a), a sharp vertical gradient in temperature becomes most apparent. 
There is a shallow area of subfreezing air that extends from the surface to as high as 1km in the 
atmosphere. Above that, there is much warmer air from the south that is upwards of 2km thick 
and extends far northward. Added to that the 0 m/s zonal wind contour marks the approximate 
boundary between the subfreezing surface air and above freezing air aloft. Progressing from 
1200 UTC through 0600 UTC (Figure 32a-d) the same vertical profile is depicted. However, 
instead of the subfreezing air shrinking, there is an expansion of it slightly southward. The same 
can be said about the above freezing air aloft, which expands over time northward and remains 
around 1.5km to 2km thick. Given this profile, a predictive method to locate regions of ice can 
be made from analyzing the thickness of the above freezing warm layer. This is will mentioned 
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Figure	  6(a-­‐b):	  Distribution	  of	  all	  Northeast	  and	  Southeast	  storms	  by	  month.	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Figure	  9:	  Northeast	   tracks	  of	   individual	  storm	  groups.	  The	  “L”	   indicates	  the	   low-­‐pressure	  
center	  based	  on	  a	  composite	  of	   storms	   tracks	  within	  each	  group.	  The	  respective	   location	  
and	  minimum	  pressure	  (hPa)	  of	  the	  high-­‐pressure	  center,”H”,	  is	  color	  coordinated	  with	  the	  
low	  center.	  	  
	  
	  
Figure	  10	  (a-­‐c):	  Corresponding	  schematics	  for	  Northeast	  Group	  1-­‐3	  low-­‐pressure	  tracks	  (a-­‐
c)	  are	  defined	  with	  the	  L-­‐symbol	  as	  well	  as	  an	  H-­‐symbol	  for	  the	  track	  of	  the	  high-­‐pressure	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Figure	  11	  (a-­‐l):	  Composite	  analysis	  of	  Group	  1	  ice	  storms	  in	  the	  Northeast	   illustrating	  (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  12(a-­‐l):	  Composite	  analysis	  of	  Group	  2	   ice	   storms	   in	   the	  Northeast	   illustrating	   (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  13(a-­‐d):	  Composite	  analysis	  of	  Group	  3	  ice	  storms	  in	  the	  Northeast	   illustrating	  (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  14:	  Southeast	  tracks	  of	  individual	  storm	  groups.	  The	  “L”	  indicates	  the	  low-­‐pressure	  
center	  based	  on	  a	  composite	  of	   storms	   tracks	  within	  each	  group.	  The	  respective	   location	  
and	  minimum	  pressure	  (hPa)	  of	  the	  high-­‐pressure	  center,	  “H”,	  is	  color	  coordinated	  with	  the	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Figure	  15	  (a-­‐c):	  Corresponding	  schematics	  for	  Southeast	  Group	  1-­‐3	  low-­‐pressure	  tracks	  (a-­‐
c)	  are	  defined	  with	  the	  L-­‐symbol	  as	  well	  as	  an	  H-­‐symbol	  for	  the	  track	  of	  the	  high-­‐pressure	  




Figure	  16(a-­‐d):	  Composite	  analysis	  of	  Group	  1	   ice	  storms	  in	  the	  Southeast	   illustrating	  (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  17(a-­‐d):	  Composite	  analysis	  of	  Group	  2	   ice	  storms	  in	  the	  Southeast	   illustrating	  (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  18(a-­‐d):	  Composite	  analysis	  of	  Group	  3	   ice	  storms	  in	  the	  Southeast	   illustrating	  (a)	  
sea	   level	  pressure	   (hPa)	   and	  540	  dm	   thickness	   contour,	   (b)	  2m	   temperature	  ℃	  ,	   and	  0℃	  
contour	  (c)	  500-­‐850	  hPa	  𝑑𝜃/𝑑𝑧	  (K/m),	  and	  (d)2m	  temperature	  ℃	  anomaly	  for	  the	  MINUS1,	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Figure	  19(a-­‐n):	  Optical	   thickness	   for	  all	  Northeast	   ice	  storms,	  retrieved	  from	  MODIS	  with	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Figure	   20(a-­‐n):	   Cloud-­‐Top	   Pressures	   (hPa)	   for	   all	   Northeast	   ice	   storms,	   retrieved	   from	  
MODIS	   with	   an	   approximate	   time	   passage	   around	   16:15	   UTC.	   “X”	   denotes	   where	   ice	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Figure	   21(a-­‐n):	   Cloud-­‐Top	   Temperatures	   for	   all	   Northeast	   ice	   storms,	   retrieved	   from	  
MODIS	   with	   an	   approximate	   time	   passage	   around	   16:15	   UTC.	   “X”	   denotes	   where	   ice	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Figure	   22(a-­‐n):	   1-­‐	   hour	   accumulated	   precipitation	   (mm)	   from	  NOAA	   radar	   reanalysis	   at	  
17:00	  UTC.	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Figure	  23(a-­‐f):	  Optical	  thickness	  of	  all	  Southeast	  ice	  storms,	  retrieved	  from	  MODIS	  with	  an	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Figure	  24(a-­‐f):	  Cloud-­‐Top	  Pressures	  of	  all	  Southeast	  ice	  storms,	  retrieved	  from	  MODIS	  with	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Figure	  25(a-­‐f):	  Cloud-­‐Top	  Temperatures	  of	  all	  Southeast	  ice	  storms,	  retrieved	  from	  MODIS	  
with	   an	   approximate	   time	   passage	   of	   around	   16:20	   UTC.	   “X”	   denotes	   where	   ice	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Figure	   26(a-­‐f):	   1-­‐hour	   accumulated	   precipitation	   (mm)	   from	   NOAA	   radar	   reanalysis	   at	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Figure	  27(a-­‐b):	  Distribution	  of	  Cloud-­‐Top	  Pressure	   (hPa)	   for	  all	  Northeast	  and	  Southeast	  
ice	  storms	  at	  a	  location	  where	  ice	  was	  reported.	  	  
	  
	  
Figure	   28(a-­‐b):	   Distribution	   of	   Cloud-­‐Top	   Temperatures	   (K)	   for	   all	   Northeast	   and	  
Southeast	  ice	  storms	  at	  a	  location	  where	  ice	  was	  reported.	  
	  
	  
Results – Quantifying Cloud-top Pressure 
•  Cloud-top pressures are taken near the location where ice was reported for all 
Northeast and Southeast storms  
•  Results suggest that Southeast ice storms appear to have lower cloud-top 
pressures than Northeast storms  


























Distribution of Cloud−Top Pressure for Northeast Ice Storms


























Distribution of Cloud−Top Pressure for Southeast Ice Storms
Res lts – Qu ntifyi g Cloud-top Tem erature  
•  Cloud-top pre sures are taken near the location wh re ice was reported for all 
North ast and Southe st storms  
•  A similar result emerges where cloud-top temperatures for Southeast ice storms 
are lower than Northeast storms  
•  Can attribute these results to understanding the formation mechanisms for 
freezing rain, where the melting process occurs for cold CTT <-10°C and 
collision-coalescence for CTT warmer than -10°C (Bernstein 2000) 
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Distribution of Cloud−Top Temperature for Southeast Ice Storms
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Figure	  29(a-­‐d):	  NOAA	  6-­‐hour	  accumulated	  precipitation	  (mm)	  Radar	  Reanalysis	  beginning	  
at	  1800	  UTC	  on	  December	  11,	  2008	  through	  1200	  UTC	  on	  December	  12,	  2008.	  The	  hashed	  
contours	  outline	  the	  128-­‐131	  dm	  thickness	  whereas	  the	  solid	  contour	  outlines	  the	  154	  dm	  
thickness	  from	  Cantin	  and	  Bachand	  (1993).	  A	  vertical	  black	  line	  denotes	  the	  cross-­‐section	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Figure	  30(a-­‐d):	  Vertical	  cross-­‐section	  of	  temperature	  (°C)	  and	  zonal	  winds	  (m/s)	  beginning	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Figure	  31(a-­‐d):	  NOAA	  Radar	  Reanalysis	  6-­‐hour	  accumulated	  precipitation	  (mm)	  beginning	  
at	   1200	   UTC	   on	   January	   26,	   2004	   through	   1600	   UTC	   on	   January	   26,	   2004.	   The	   hashed	  
contours	  outline	  the	  128-­‐131	  dm	  thickness	  whereas	  the	  solid	  contour	  outlines	  the	  154	  dm	  
thickness	  from	  Cantin	  and	  Bachand	  (1993).	  A	  vertical	  black	  line	  denotes	  the	  cross-­‐section	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Figure	  32(a-­‐d):	  Vertical	  cross-­‐section	  of	  temperature	  (°C)	  and	  zonal	  winds	  (m/s)	  beginning	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Figure	  33	  (a-­‐b):	  Statewide	  Ice	  totals	  from	  the	  National	  Weather	  Service	  for	  the	  January	  26,	  












•  Data containing dates of past ice storms was downloaded from the NCDC Storm Database for each climate 
region from 1996-2014 as .csv files and read into Matlab.  
•  A threshold value of 10,000 mi2 was used to identify a subset of storms that affected a relatively large area.  
•  This subset of storms was subdivided into 3 groups for each climate region based on the track of the low 
pressure system and the relative position of the high pressure with respect to the low pressure (Table 1a-b).  
•  ERAI reanalysis data was used to compute and plot composites of SLP, 2m temperature, 500-850 hPa dθ/
dz, and 2m temperature anomaly for each group on the date of the event.  
•  For simplicity, storm tracks are drawn to illustrate the path of the storms in each group which was done by 
tracking SLPmin from the SLP composites and verified through NWS surface maps (Figure 1).  
•  A schematic of the individual storm track per group was illustrated where precipitation type was also 
identified using station reports from surface maps.   
 
Northeast region: states north of and including Maryland and Delaware.  
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Stanley A. Changnon, Joyce M. Changnon, Major ice storms in the United States, 1949–2000, Global Environmental Change Part B: 
Environmental Hazards, Volume 4, Issue 4, 2002, Pages 105-111, ISSN 1464-2867, http://dx.doi.org/10.1016/ 
 j.hazards.2003.07.001.(http://www.sciencedirect.com/science/article/pii/S1464286703000196)  
 
•  A survey of extreme weather events by Kunkel 
et al. (2013) found that, in terms of both 
detection and development, precipitating ice 
events are the least understood type of storms. 
•  Ice storms occur more often in the Northeast 
and Southeast than any other region in the U.S. 
(Changnon 2003)  
•  These storms cause significant damage, 
averaging $122-124 million per storm and 
totaling near 9 billion combined in damage 
from 1949-2000 (Changnon 2003).  
•  Ice storms require unique synoptic and 
mesoscale conditions, such that there is a layer 
of air with T>=0˚C in the lower troposphere 
(Rauber et. al 2001).  
Northeast Ice Storms  
Southeast Ice Storms  
Analysis and 
Results 
•  Northeast ice storms have a distinct 
SLP minima and synoptic features that 
favor storms forming along the Gulf 
coast and move towards the Great 
Lakes with a secondary low forming 
along the east coast.  
•  Icing is typically confined to interior 
sections of the Northeast, including 
New York and Pennsylvania where cold 
air trapping sets an ideal scenario for 
freezing rain and sleet (similar to that 
found in: Bernstein 2000). 
•  Southeast ice storms have less distinct 
low pressure centers and rely on the 
existence of a cold air mass as evident 
in the 2m temperature composites. 
•  For the SE storms, stability between the 
500-850 hPa level appears to be a good 
indicator of the storm center location.  
•  SE Group 2 events were consistent with 
findings from Rauber et. al (2001) who 
stated that most icing events in the SE 
occur north of an arctic front.  
•  SE Group 3 events were cold air 
damming events which were consistent 
with findings from Bernstein (2000).  
•  For both regions the position and 
strength of a high pressure system is 
significant because it functions as a 
cold air source which conditions the 
environment for icing.  
•  This sets up a favorable scenario for 
cold air trapping or damming due to the 
orientation of the Appalachian 
Mountains.  
Sea Level Pressure (hPa)  
Composites  
500-850 hPa dθ/dz  
Composites   
2m Temperature  
Composites  
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Table 1a: Northeast Ice Storms  
Size Threshold  Count   Group  Size threshold >10,000 mi2 Number of Storms (n)  Size (mi
2) Description  
> 10,000 mi2 22 1 6 ~24k lowMpressure)system)along)the)east)coast.)))





> 30,000 mi2 4 3 3 ~23k lowMpressure)track)from)Midwest)towards)interior)secAons)of)Northeast.)))
> 40,000 mi2 2 
Table 1b: Southeast Ice Storms  
Size Threshold  Count   Group  Size threshold >10,000 mi2 Number of Storms (n)  Size (mi
2) Description  
> 10,000 mi2 16 1 7 ~33k low)forms)along)the)Gulf)Coast)and)tracks)along)the)East)Coast))
> 20,000 mi2 8 2 6 ~29k Storms)originate)in)Gulf)of)Mexico)and)track)eastward)towards)the)AtlanAc))




> 40,000 mi2 4 
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Northeast Ice Storms  
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•  NE storms tend to be deeper than SE storms however the stronger temperature 
gradient along the Carolina coast allows for favorable icing conditions.   
•  More storms occur across the NE but SE storms tend to be more widespread.  
•  Increased number of storms during March and April for the NE compared to SE.  
Future Work 
•  Look for upstream precursors to storm events. 
•  At date of ice events, find CloudSAT cross-sections (for storms prior to 2010). 
•  Examine cloud top temperature and pressure prior-to and after ice events 
Plan 
•  Improve the understanding of ice storm development: 
•  Use the NCDC Storm Database to identify 
ice events in the Northeast.  
•  Use reanalysis data to confirm previous 
studies understanding of  the synoptic 
setting for ice storms. 
•  Use satellite and radar data to identify the 
microphyics and cloud properties within ice 
storms as in Martner et al. findings.  
•  Test Stewart et al. hypothesis that diabatic 
processes control the temperature structure 
within the isothermal 0° layer.  
•  Examine the influence of SST on Ice 
Storms in the NE and SE as tested by 
Renato et al.  
•  Here, we summarize the main results from our use of 
the NCDC Storm Database. To aid our understanding 
of the Synoptic Environment and the Distribution 
of Ice Events per land area affected and time of year, 
we compare NE and SE ice events.  
 
 
•  A survey of extreme 
weather events found 
that ice storms are the 
least understood in 
terms of both 
detection and 
development. (Fig. 1).  
•  Ice storms occur more 
often in the Northeast 
than any other region 
in the U.S and are the 
most costly (Fig. 2; 
see below).  
Figure 2a: The number of major ice storms in each climate region from 
1949-2000. Values in parentheses are those storms that only occurred within 
the region. From Changnon 2003  
Figure 2b: The amount of loss (millions of dollars expressed in 2000 values) 
from ice storms in each climate region during 1949–2000. Values in 
parentheses are the average losses per catastrophe. From Changnon 2003 
 
(
Northeast Ice Storm  Southeast Ice Storm  
Figure 3a-3i: Composite Analysis for Northeast ice storms from 1996-2013 for Sea Level 
Pressure (hPa)(a-c), 500 hPa Geopotential Height (m)(d-f), and Surface Temperature (F)(g-i).  
Figure 4a-4i: Composite analysis for Southeast ice storms from 1996-2013 for Sea Level 
Pressure (hPa) (a-c), 500 hPa Geopotential Height (m)(d-f), and Surface Temperature (F) (g-i).  
Figure 5a-5b: Distribution land area affected by Northeast (a) and Southeast (b) Ice Storms.  
Distribution of Ice Events  




•  Data for the ice events was downloaded from the NCDC Storm Database for states in each climate region 
from 1996-2014 as .csv files.  
•  Specific coding was created to read in the data into Matlab in order to extract unique dates and counties 
affected.  
•  Given specific dates, the total land area coverage was computed for each county affected and plotted for each 
climate region.   
•  The Northeast region includes states north of and including Maryland and Delaware.  
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TABLE 1: Summary of Storm Counts and Geographical Size 
Northeast Ice Storm Count 89 
Average Ice Storm Coverage (mi2) 9095 
Southeast Ice Storm Count 59 
Average Ice Storm Coverage (mi2) 12474 
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4. Discussion  
4.1 Distributions and Size of Ice Storms  
 When analyzing all ice storms from 1996-2014 (i.e no size filter applied), Northeast 
storms tend to span over several months (Figure 6a), with the earliest occurring in October and 
the latest in April. This suggests that while most storms occur during the winter months there is a 
tendency for some ice storms to occur early and late in the season. Meanwhile, storms in the 
Southeast are confined to the winter months of December-February (Figure 6b). The occurrence 
of cold air outbreaks appears to explain the winter bias of ice storms in this region. Even further, 
a distribution of storm occurrence was analyzed for each storm group (Figures 7-8). Results were 
mixed but the general idea is that Northeast storms have the tendency to occur between October 
and April (Figure 8a-c) with Southeast storms distributed between December and February.   
 The spatial distribution of large ice storms determined by the 10,000 mi2 threshold is 
depicted in Table 1. These statistics reveal that while the Northeast region has a higher count of 
ice storms with a spatial distribution greater than 10,000 mi2, the counts drop significantly for 
higher thresholds. In fact, Southeast ice storms with a size greater than 30,000 mi2 occur more 
frequently then in the Northeast by a near 2:1 margin. This suggests that when ice storms occur 
in the Southeast, they often impact a high spatial area. A counter argument to this claim can be 
made that the storms are simply bigger in the Southeast because the counties sizes are larger in 
that region compared to the Northeast. However, when average county size was computed for 
both regions, the Northeast averaged higher sizes by a near 2:1 ratio. This reinforces the claim 
that Southeast ice storms tend to cover more spatial area than their Northeast counterparts.  
 It is known that for the separation of ice storms into groups, Northeast events hold a 
higher total count of storms than Southeast events. When analyzing the individual group counts 
	   59	  
(Table 1) it is clear that the most favored storm track is a group 2 event, with group 3 being the 
least. Given that the distribution of Northeast storms favors group 2, it might suggest that those 
storms are also larger. In fact, the distribution in storm size is about even across all of the groups, 
varying just slightly. For Southeast storms there is a more even distribution in the counts per 
group, suggesting that storms do not favor a specific path but can vary depending on the synoptic 
environment. Given that the total count of Southeast storms is lower than the Northeast, it would 
stand to suggest that these storms are less widespread. In fact, for this region ice storms cover 
more area than the Northeast on average with a spread in the size distribution versus group. 
Group 1 storms tend to be have the most widespread events with group 3 storms having the least. 
  
4.2 Northeast Ice Storms  
 It can be observed that Northeast ice storms have clearly distinct cyclone centers, with all 
the storm tracks depicted in Figure 9. Across all groups there is an identifiable SLP minima 
ranging from 1000 hPa to 1005 hPa. As a result, these storms can be easily traced from the 
MINUS1 to PLUS1 time period. Similarly, there is an identifiable anti-cyclone, which is either 
positioned north or behind the cyclone. These high-pressure systems are the primary source of 
cold air, which acts to precondition surfaces to just below freezing. This interaction between cold 
dense air at the surface and the cyclone track, which promotes warm air advection aloft, is what 
produces freezing precipitation.  
For instance, Group 1 storms (Figure 11a-MINUS1-PLUS1) depict a Northeast ice storm 
as a result of a coastal cyclone. The cyclone track near the coast allows for warm air to advect 
from the Atlantic Ocean. The position of the anticyclone to the north places the freezing line 
north and west of the immediate coast (Figure 11b-MINUS1-PLUS1). With the cold subfreezing 
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air in place across the interior Northeast and a cyclone track near the coast, warm air advection 
aloft produces freezing precipitation at the surface. This is depicted in Figure 10(a) where areas 
along the coast are too warm to produce ice and areas furthest away from the cyclone are cold 
enough for an all snow event.  
 Group 2 ice storms are unique and account for the highest number of Northeast storms. 
For these storms cold air trapping occurs as a result of the track of the surface cyclone towards 
the Great Lakes and the location of the anticyclone (Figure 12a-MINUS1-PLUS1). In fact, a 
relatively large high-pressure system is located to the north and east of the region of low-
pressure, again acting as the cold air source for regions north of the low-pressure center. As the 
low-pressure center moves towards the Great Lakes, there is a surge of warm air from the south, 
however the surface cold air remains in place across interior sections. The genesis of a secondary 
cyclone off the eastern seaboard occurs as a result of a pressure trough that occurs along the 
Appalachian Mountains because of the location of the primary cyclone west of the mountain 
range. This sets up a phenomenon known as cold air trapping, which is a more local scale 
damming of cold-air. This is demonstrated when analyzing the individual storms within the 
group. There is clear evidence of cold air trapping as a result of the track of the low-pressure and 
placement of the Canadian high-pressure center to the northeast of the low center. This set-up 
allows for cold air to remain in place near the surface while warm air advects aloft. Eventually, 
the main low-pressure center moves northward into Canada and the offshore low becomes the 
main low-pressure, which tracks north and away from the mainland. The result are more 
widespread ice events, where on average this group of storms spatially cover more area.  
 Northeast group 3 storms have a similar look to group 2 storms, where there is a strong 
low-pressure center near the Great Lakes. The difference however is that the low center tracks 
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towards the interior Northeast (Figure 13a-MINUS1-PLUS1). As a result, warm air is able to 
advect further inland and therefore the main icing regions are confined to extreme interior 
Northeast along the Canadian border. This is due to high-pressure located east of the main low 
center during the day before the event (Figure 13a-MINUS1), acting to draw in cold air from 
Canada. Eventually, the high pressure moves away and is replaced with another large area of 
high-pressure behind it. These groups of storms, while small in count, depict ice storms that 
often affect Canada because their inland track.  
 Overall, Northeast Ice storms rely on the track of the cyclone center, which often 
promotes warm air advection aloft. The Canadian high-pressure systems are markers of cold air 
masses that typically lock cold, subfreezing air along the interior northeast. The Appalachian 
Mountains initiate cold air trapping situations when the primary cyclone tracks west of it.  
4.3 Southeast Ice Storms  
 As opposed to the Northeast, Southeast ice storms lack the clearly defined cyclone 
centers of their Northeast counterparts. However, similarities exist in the cyclone tracks of some 
groups (Figure 14). The main differences between the regions are that Southeast storms rely on 
the existence of large high-pressure systems to the north. These high-pressure systems condition 
the surface to near or below freezing, which is key in allowing precipitation to fall as freezing 
rain. In some instances, the location of an anti-cyclone promotes cold air damming, which sets 
up an ideal case for ice precipitation.   
Group 1 storms follow a track similar to their Northeast counterpart, with a cyclone 
positions off the Eastern seaboard. However dissimilarities exist in the strength of the low-
pressure center and the track of the storm. At first glance, the composites depict a weak and 
broad low-pressure region (Figure 16a-MINUS1). When analyzing the individual storms, it 
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appears that some storms show a deep and well-defined cyclone while others do not. In addition, 
the position of the low varies between storms. As a result, the composites depict a spread in the 
strength of the cyclone center, allowing for the composite to show a weaker, broad cyclone. The 
most impressive feature with this group is the anti-cyclone over Eastern Canada. The position of 
the high-pressure system allows for cold air to suppress southward towards parts of the 
Southeast. With cold air in place and a low-pressure system off the North Carolina coast, an 
icing scenario sets up across North Carolina and Virginia.  
 Similarly, in group 2 storms, the most distinctive feature remains to be the strong anti-
cyclone that is now positioned over the Midwest, providing much of the eastern CONUS region 
with below normal temperatures (Figure 17d –MINUS1-PLUS1). From the composite analysis, 
it can be observed that no cyclone forms in the Southeast. Instead, the 850-925 dθ/dz (Figure 
17c-MINUS1-PLUS1) becomes a marker for tracking a wave of low pressure from the low 
stability signature. This wave of low pressure can be verified from surface observations maps, 
where a weak low-pressure center forms along a stationary front in the Gulf of Mexico. In fact, 
this type of scenario further verifies findings from Rauber et al. (2000) where this type of pattern 
is common along the passage of an arctic front. The arctic front, associated with high pressure in 
the Midwest, stalls along the Gulf of Mexico. This forms a baroclinic zone, where a wave of 
low- pressure is able to propagate from west to east. Warm air is able to advect aloft and a 
narrow region of freeing rain occurs, spanning from northern Louisiana to South Carolina 
(Figure 15b).  
 Finally group 3 storms have similar characteristics from Northeast group 2 storms. These 
are both groups with two low centers, however the main difference is that the secondary cyclone 
forms along the Southeast region (Figure 14). Coincident with the low is an area of high pressure 
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in the Northeast. This sets up a cold-air damming scenario, where a pressure trough occurs along 
the Appalachian Mountains. Clockwise flow around the area of high-pressure allows for a 
shallow layer of cold air to become present at the surface. Warm air from the secondary cyclone 
is able to advect aloft, creating ice precipitation at the surface.   
4.4 MODIS 
 Interpreting the MODIS retrievals of optical thickness, cloud-top pressure, and cloud-top 
temperature for the Northeast and Southeast yields contrasting results. The Northeast subset of 
ice storms depicts images that mirror typical synoptic features associated with mid-latitude 
cyclones (Figures 19-21). Optical thickness highlights these features, where typical comma-
shaped features are present along with cold and warm frontal features (Figure 19). As a result, 
the masking technique that is applied for Northeast ice storms explains that regions of relatively 
high optical thickness correspond to regions of low cloud-top pressure and temperatures. This is 
consistent with what we expect of mid-latitude cyclones. The 1-hour accumulated precipitation 
plots compliment the MODIS retrievals in such a way that it can be correlated to the regions of 
high optical thickness (Figure 21). The same masking technique is not applied for the Southeast 
subset of storms, since it masked out the entire region. However, absent from these images are 
the clear low-pressure systems found in the Northeast subset of storms. In some cases there is no 
hint of a storm. Instead what is found is that Southeast ice storms appear to be associated with 
frontal features. In addition for some Southeast storms, high values of optical thickness did not 
coincide with low values of cloud-top pressure or temperature that were typical in the Northeast.  
When performing a quantitative analysis on cloud-top pressure and temperature 
parameters for the Northeast and Southeast ice storms, Southeast events actually observe lower 
cloud-top pressures and temperatures then the Northeast (Figures 27-28). The statement that this 
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result yields ties into work done by Bernstein (2000). Particularly for cloud-top temperatures, 
two processes, the melting and collision-coalescence process, govern the mechanism to which 
freezing rain occurs across the vertical column. Given that the Southeast ice storms have 
consistently lower cloud-top <-10°C, the melting processes seems to be the typical mechanism 
for forming freezing rain. On the contrary, Northeast ice storms have a larger range of cloud-top 
temperatures with some tops warmer than -10°C. This suggests that both the melting and 
collision- coalescences processes occur aloft. In addition, these results suggest that the higher 
cloud-top pressures and temperatures for the Northeast are associated with more shallow clouds. 
For the Southeast, deeper clouds seem to be present because of the lower cloud-top pressures and 
temperature. Overall, what holds true nevertheless is that Southeast ice storms lack the 
impressive synoptic look of Northeast storms.  
4.5 Case Studies – Thickness Criteria and Cross- Sections   
 The utilization of the thickness criteria method based on Cantin and Bachand (1993) 
serves as a good proxy for identifying potential regions of freezing rain across the Northeast. 
Using the December 11-12, 2008 storm as an example the stations that reported freezing rain 
corresponded well between the 129 dm -131 dm thicknesses at the 1000-850 hPa pressure levels 
and above the 154 dm thickness for the 850-700 hPa pressure levels (Figure 29a-d). In essence, 
this thickness method aims to capture the vertical temperature profile found with most freezing 
rain events. That is a cold, subfreezing surface along with above freezing temperature aloft. This 
profile was seen in the cross-section taken between Massachusetts and Maine (Figure 30a-d). 
The observed vertical profile also confirms multiple studies, where freezing rain occurs as a 
result of the melting of ice particles in an elevated warm layer, followed by freezing at the 
surface because of a subfreezing layer found at the surface. In addition, the zonal winds also 
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provide a good marker for identifying warm frontal regions in the atmosphere. This was evident 
in the 0 m/s wind contour, which marks the boundary between the cool surface and warm air 
aloft. This confirms research from Martner et al. (1993) who stated that the 0 m/s zonal wind 
amplitude marks the transition between easterly and westerly winds, which is also the location of 
the warm front aloft.  
Based on the case study analysis for Southeast storms, the thickness criterion is not a 
good predictor of identifying potential ice storms (Figure 31a-d). However, the vertical cross-
sections highlight the same elevated warm layer that exists above a surface shallow subfreezing 
layer (Figure 32a-d). Therefore the elevated warm layer method emerges as being a potential 
indicator of freezing rain. This method, proposed by Stewart and King (1987), correlates the 
maximum warm layer temperature with the most likely precipitation type, assuming ice crystals 
are present. For the Southeast case study, the elevated warm layer is upwards of several degrees 
above freezing which supports freezing rain at the surface. Furthermore, as in the Northeast case, 
the change in the zonal wind amplitude marks the approximate location of the warm front and 
change in wind direction. An interesting feature is the slope of the 0 degree isotherm for the 
Southeast case study, where the subfreezing surface layer extends several degrees in latitude. 
The slope or extent of the subfreezing layer seems to explain the cold-air damming phenomena 
where the subfreezing near-surface air remains in place throughout the storm. Meanwhile for the 
Northeast case study, the slope of the 0 degree isotherm trends isothermal through the evolution 
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5. Final Remarks and Further work  
This study offers a unique description on the synoptic patterns associated with Northeast 
and Southeast ice storms. These regional differences in ice storms are attributed to the different 
cyclone paths taken by the storms, as well as the relative importance of the adjacent high 
pressure system and the topography. While the grouping method was subjective, it outlines how 
the storm tracks and subsequent location of a high-pressure system promotes cold-air trapping 
for the Northeast or cold-air damming for the Southeast. Furthermore, results from the analysis 
of MODIS imagery reveal that Northeast storms appear to be associated with the occlusion phase 
of a cyclone while storms for the Southeast are frontal. A more interesting result emerges when 
analyzing the distribution of cloud-top pressures and temperature for all Northeast and Southeast 
ice storms. Here, Southeast ice storms have lower cloud-top temperatures and pressures than 
Northeast storms, suggesting that the clouds are possibly more shallow in the Northeast and 
deeper in the Southeast.  
 The results gained from the cross-section analysis reveals two important features. The 
first is the ability of the reanalysis dataset to capture the thermal vertical structure of a Northeast 
and Southeast ice storm. This thermal vertical structure included the existence of a cold shallow 
subfreezing layer beneath an above-freezing warm layer, typical of all ice storms. This structure 
was consistent for each 6-hour time step and surprising, considering that radiosondes are only 
launched at 0000 UTC and 1200 UTC. Finally, the second result gained from the cross-section 
analysis was the ability to distinguish the warm frontal boundary aloft from the zonal wind 
speeds. The 0 m/s zonal wind contour served as a proxy for marking the boundary between the 
sub-freezing and above-freezing layers. In addition, the thermal profile of the Northeast case 
study suggests that through the event, the thermal structure trends towards an isothermal profile, 
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eliminating the cold layer beneath warm layer structure. This result differed from the Southeast 
case study, where in fact the cold layer became colder with time, however further analysis will 
have to be performed to conclude if all Northeast and Southeast storms exhibit this contrasting 
profile.   
 Separately, the results from this study also confirm previous work on ice storms. The 
icing that occurs in the Northeast is often confined across interior portions of the Northeast, 
verifying work done by Cortinas et al. (2004). For the Southeast, ice storms identified as group 2 
events confirm an analysis done by Rauber et al. (2001), where these ice storms occur as a result 
of an arctic cold frontal passage. From Bernstein (2000), given the distributions of cloud-top 
pressures and temperatures for ice storms in each region, it is likely that for Northeast storms, the 
collision-coalescences is the primary mechanisms forming freezing rain versus the melting 
process for the Southeast. Finally, an atmospheric thickness method outlined by Cantin and 
Bachand (1993) was applied to predict regions of freezing rain. The results present here suggest 
that this method can serve as a proxy for making ice storm predictions for the Northeast, 
however it did not work for the Southeast. In the Southeast, knowledge on the magnitude of the 
elevated warm layer can serve to predict ice storms, as long as a subfreezing surface layer exists. 
The thermodynamic environment, as determined by the cross-section discussed above, from the 
Northeast and Southeast case studies confirm the significance of having a subfreezing surface 
beneath an elevated warm layer for producing freezing rain.   
Overall, the lack of a well established ice storm data record continues to hinder most 
attempts to understand ice storms. Access to a longer dataset of ice storms would aid in 
understanding the synoptic structure further. In addition, an analysis on the microphysics and 
vertical temperature profile for ice storms could be performed by utilizing wind profiling 
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instruments and sounding data. Dual-polarized radars can help identify and verify regions where 
ice occurred, as well as estimate accretion amounts. Finally, future work using mapping software 
to aid in visualizing the spatial coverage of ice storms would be useful for communicating the 
types of hazards and societal impacts ice storm pose on different regions. 
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